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As a part of the study of the mechanism of high pressure oxidation
of aliphatic acids, acetic acid solutions of 0.1 and 0.05 Normality were
oxidized. Reaction conditions were selected as 200 -250 C and 1000 -
1500 psig for zero, one-half, one, two and four hour oxidation periods.
No oxidation was observed at the end of several reactions without a
catalyst. As high as 807o oxidation was observed from the oxidation for
o
four hours at 250 C under 1500 psig of total pressure with Chromel-
Constantan thermocouple wire (15 cm) as catalyst in the reacting solu-
tion. Increasing temperature showed an increasing reaction rate, while
increases in pressure and decreases in concentration showed a decreasing
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I. INTRODUCTION
Recently research related to pollution control has received a great
deal of attention. Although engineers have constructed plants for treat-
ment of industrial wastes and sewage sludge, the basic chemical processes,
especially for wet-air oxidation, are not well understood. Nevertheless,
approaches to pollution prevention have been promising although not yet
keeping pace with growing industry and population.
The work of this thesis is considered part of the research concerning
the mechanism of aliphatic acid-oxidations at elevated temperatures and
high pressures. The investigation has included use of substances that
act as catalysts and give a higher oxidation rate with reduced cost.
The former approaches to this problem have been to use the transition
elements as catalyst. We have tried to approach the problem by simply
using the oxidation potentials of substances in their various oxidation
states. The oxidation-reduction potential of oxygen to reduce it from
to -2 oxidation state is 1.229 volts (Latimer, 1952). It is also known
that thermocouples produce voltage across the tips corresponding to
the applied temperature. There is no doubt that this junction voltage
is not in the same sense as the oxidation-reduction voltage. Some
possibility for using that potential as catalyst and thus obtaining the
oxidation was thought to exist. Fortunately, results of our work have
indicated that the potentials obtained do help in the solution of the
problem. Certainly this is just the beginning for the idea of applica-
tion to the problem at that point. Further work may explore the scope
of the application Chromel-Constantan thermocouple gives a high potential
for the reaction temperature; it was, therefore, used in this study.

II. HISTORICAL
As population increased problems of environmental impact arose, and
people have had to protect their environment. One of the problem areas
was "Water Pollution" as it still is today. Sources of pollutants have
increased by the rapid growth of industry which goes back to 5000 B. C.
Primitive man started his work on pottery near water sources thereby
polluting them; by 2000 B.C. we see the Egyptians and Babylonians with
great industrial plants, as compared to that time.
Big increases of industry and pollution can easily be observed, es-
pecially in the Eighteenth century and the Nineteenth century, and are
still growing very rapidly and seriously now. In the Eighteenth century,
French scientists obtained drinking water from sludge by chemical and
physical treatment, which is an early example of pollution control. In
the Twentieth century almost all nations of the world must fight with it.
The most important pollutants are organic and inorganic industrial
wastes. Among them, carbonaceous materials give some organic acids when
oxidized by nature. The oxidation products of those materials were
studied in the laboratory as reported by R.C. TOMARELLI (1939). Oxi-
dations of cokes, coal and pitches were carried out in aqueous alkaline
permanganate and nitric acid solutions at temperatures from 100 C to
250 C under 7 to 25 atm. partial pressure of oxygen. Catalysts were in-
vestigated and the most effective ones were found to be cobalt salts and
copper. His experiments showed that approximately 50 percent of these
carbonaceous materials can be converted to water-soluble acids and the
rest to carbon dioxide under proper conditions. Oxalic acid was one

of the major products among others such as trimellitic, pyromellitic,
prehnitic and terephthalic acids.
Water soluble carboxylic acids were obtained from oxidation of coal
by N. W. FRANKE and coworkers (1952). In acid media and high tempera-
tures high yields of carbon dioxide and smaller yields of carboxylic
acids were obtained. But in alkaline sokutions higher yields of car-
boxylic acids were obtained. Mesomorphic forms of carbon gave good
yields of aromatic polycarboxylic acids. Aliphatic compounds have
yielded carbonic and aliphatic acids. Reactions were carried out in a
one liter autoclave with nitric acid; with alkaline permanganate; with
sulfur trioxide; with nitric acid plus oxygen; and with oxygen in al-
kaline solutions. Each reaction was done for five hours at 250 C and
750 psig. Standardized reaction conditions of 270 C and 900 psig gave
70 percent aromatic acids of which one-third was observed to be benzene-
carboxylic acid.
Other main pollutants are wastes from pulp and paper industry, and
wastes from mining industry. To reduce the amount of waste from pulp
and paper plants, "Mechanical Steam Aeration" facilities have been tried
experimentally starting in 1943 at Wisconsin, as reported by L.F. WARRCK
(1947). Studies have indicated that oxygen demand can be reduced 60
percent at that time. H.R. MURDOCK (1952) points out that toxic sub-
stances like sodium chloride, sodium carbonate, sodium sulfate, sodium
hydroxide, sodium thiosulfate, hydrogen sulfide, ethanol, and crude
tallow soap found in kraft waste water are more lethal to fish life than
is B.O.D. J.S. MITTCHEL (1956) and W.M. FASSEL Jr. (1962) have studied
the effect of mining and extractive metal industry on pollution. Cobalt
recovery plants cause problems in operation with end wastes including

soluble chemicals. Considerable amounts of metallic salts remain in
solution in the waste liquors and includes acids from leach and extrac-
tion operation. Those type wastes include toxic metals and caustic soda
in solution.
Antipollution plants and methods have been arranged and developed
in this century around the world. W.W. ECKENFELDER (1956) and C. M.
COOPER (1944) have studied the design of aeration system for biological
waste treatment and design variables of Agitated Gas-Liquid Contractors,
respectively. F. ABEL, R.J. MORAN, and C.H. RUOF (1954) have accomplished
a wet oxidation system for processing of sewage sludge by using a one
liter nickel autoclave. Reactions were carried out in alkaline medium
under total pressure of from 300 to 1000 psig at temperatures of 150
,
200°, 250°, and 300°C for two hours. At 150°C and 300 psig of oxygen,
the percentage of initial carbon converted to carbon dioxide was about
ten, but the odor was completely destroyed. At 250 C and 1000 psig
initial partial pressure of oxygen, about three-fourths of original
carbon was converted to carbon dioxide, and the product was colorless
smalling like acetic acid (pH = 4.8). Increase in temperatures showed
slight increase in carbon dioxide product.
ZIMMERMANN (1958) has reported 80 % of C.O.D. removal from sewage
sludge by industrial plants and 957 oxidation of organic materials which
cause pollution with reactor condition of 500-600 F and 1000-2200 psig.
He also used raw materials as fuels in the plants and reduced the costs
appreciably. Further modified mode of the ZIMMERMANN method has been
started to work in Chicago, in 1964. Plant was designed for working
temperatures less than 400 F and activated sludge was used, according
to E. GUCCIONE (1964). G.H. TELETZKE (1964) has further modified the
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ZIMMERMANN method to treat pulp and paper mill wastes and sewage sludges
in Rothschild, Wisconsin.
E. HURWITZ, G.H. TELETZKE and W.B. GITCHEL (1965) observed that very
little C.O.D. reduction occurs in one-hour oxidation period below 150 C
for oxidation of sewage sludge, and increasing oxidation with increasing
temperature. Temperature above 220 C was needed to achieve reduction
range of 80% C.O.D. of the oxidized liquor increased with increasing
oxidation reaching a maximum between 20 to 507o C.O.D. reduction, and
decreased with increasing oxidation. At about 80% C.O.D. reduction, the
amount of organic matter remaining insoluble was negligible.
In South Milwaukee a batch-type Zimpro Wet-Air Oxidation unit began
to operate in 1964 with reaction conditions of 370-400 F and 500 psig,
costing $ 38.18 per batch, and about 807o reduction in C.O.D. was achieved
by R.W. NICHOLSON, D.J. PEDO, and J. MARTINEK (1966).
Components of sludge and its wet-air oxidation products were anal-
yzed by G.H. TELETZKE and coworkers (1967) and have been reported that
free amino acids and amino acids condensed to polypeptides were found
in samples. The other basic organic chemicals found in the sample were
proteins, lipids, starch, cellulose, and phosphorous. Among these mater-
ials, the lipids were the most resistant at low temperatures and starch
was the easiest to remove as reported by R.B. BROOKS (1968).
The increasing demand for improved methods of treatment and dewater-
ing of sewage sludge has resulted in increased interest in the U.K. and
U.S.A. Among these methods which particularly found application in
the U.S.A. and U.K., vacuum filtration by the coil filter and Rotoplug
sludge concentrators can be mentioned. The main interest in Germany was
on the carbofloc process for conditioning the sludge by lime and carbon
11

dioxide treatment, and the use of centrifuges for dewatering in past two
decades. The most interest and developments of processes in U.K. and
U.S.A. were the Wet-Air Oxidation, Centrifuges and FS Disposal system.
Those processes and developments were studied and have been widely dis-
cussed by J.D. SWANW1CK (1968) and by R.B. BROOKS (1968) and (1970).
The Wet-Air Oxidation process was selected for sewage treatment service
in Levitown, Pa. because Wet-Air Oxidation process best met all of the
authority's requirements. The plant has provided clean, dependable and
efficient sludge disposal with a low cost of $ 12.00 for 3.65 Ton/day.
There was no odor, fly ash or soot and no air pollution at the end of
the process of the effluent because the operation was a closed system
as reported by P.X. BLATTLER (1970).
In Britain, after almost a century of river pollution caused largely
by industrial effluents, it was realized that some treatment of sludge
was needed like other nations. The Public Health Act (1937), the River
Board Act (1948) and the River Act (1951) extended the powers of the
boards to require control of all new discharges to rivers and outlets.
National policy also requires that local authorities make adequate pro-
vision for the conveyance and treatment of all industrial effluent in
the district at their sewage works when extensions are being planned.
Now Britain claims that their rivers are in better conditions than
twenty years ago as reported by S.H. JENKINS (1970).
The biochemical oxidations of various organic volatile acids by
activated sludge was investigated by T. SATO and T. AKIYAMA (1972).
Percentage oxidation of acetates were 46.7 and 38.2 for two different
experimental methods used by them, and substrate removal rate was
38.4 rag/ (h) (g) of sludge. It was indicated that acetic and other
12

volatile acids are decomposed by (3-oxidation in accordance with the
tricarboxylic acid cycle. No difference was observed among the oxygen
uptake of sodium, potassium, calcium, and ammomium salts of acetic acid.
It was also found that the volatile acid salts were utilized by activated
sludge, but inhibition was present at high substrate concentration.
Formate and acetate was added simultaneously; there was no interaction
between them.
Since sewage sludges include organic acids, in which the most resist-
ive type for oxidation are saturated aliphatic acids, the oxidation of
these were accomplished to seek understanding of the mechanisms of oxi-
dation processes. The kinetic studies were done by using transition
metals and/or their salts as catalysts. A. A. CLIFFORD and W.A. WATERS
(1965) have studied the linetics and products of some carboxylic acids
oxidizing by cobaltic salts and further, gave a nechanism which oxida-
tions occur by an inner-sphere mechanism, as follows:
o, K 2+
R'C0oH + Co(Ho 0)"T~ 5* {R'C0«Co(Ho 0) c } + H + HoZ Z O Z. A d Z
and the rapid reversible formation of the cobaltic complex which then




'Co(H 0) } -» R« + CO 4- Co + 5H
2
34- 4- 24-
R» + Co R + Co
R + HO -» R'OH 4- H+
Y
34- 5 -f-
R'OH + Co(H„0), st R'0«Co(H 0) c 4- HO 4- HZ o 2. d 2.
This mechanism is similar to the oxidation of alcohols deduced by D.G.
HOARE and W.A. WATERS in (1962) and (1964), and attributes relative
ease of oxidation of acids to the fact that K
n
, for complex formation
with acid is much higher than K-.
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Direct electron transfer mechanism was suggested by W.F. BRILL
(1960); P.J. ANDRULIS and coworkers (1966); T. MARIMOTO and Y. OGATA
(1967); K. SAKOTA, Y. KAMIYA and N. OHTA (1969); E.I. HEIBA and co-
workers (1969); A. ONOPCHENKO, J.G.D. SCHULTZ and R. SEEKIRCHER (1971); &
T. ARATANI and M.J.S. DEWAR (1968) for the oxidation of aromatic sub-
strates by Co(III) or Mn(III) at low temperatures (100 ).
Radical mechanisms have been suggested by D.A.S. RAVENS (1959);
A.S. HAY and H.S. BLANCHARD (1965); C.E.H. BAWN and T.K. WRIGHT (1968)
for the bromide promoted cobalt, or by E.K. FIELDS and S. MEYERSON (1968)
for manganese catalyzed oxidations, and for cobalt or manganese acetate
catalyzed oxidations of isopropyl-benzenes at 130-150 by R. VAN HALDEN
(1961).
The oxidation of alkyl aromatics has been studied by J. A. HOWARD
and K.U. INGOLD (1967) and the individual termination and propagation
rate constants have been measured for the xylenes, toluene, ethylbenzene,




2 R00* -» Non-radical products +
was explained by H.D. HOLTZ (1972).
The rate accelerating effect in hydrocarbon oxidations of transition
metal ions was studied and mechanism was given by A.E. WOODWARD and
R.B. MESROBIAN (1953). It is:
ROOH + M
+
- R0« + OH~ 4- M^
ROOH + M -» R00* -f H*" + M
2+
C. WALLING (1969) has pointed out that the rates of some commercial oxi-
dations of alkyl aromatics are in excess of limiting rates predicted by
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a kinetic rate. Usual propagation rate step given by
k
R00* -fr RH -? ROOH + R*
was thought to be unimportant.
E.J.Y. SCOTT (1970) suggested the reaction:
ROO» -f Co (II) - RCHO + Co (III) -f 0H~
as major path for the oxidation of Co(II) to Co(III).
Free radical mechanisms have been suggested, involving the initial
abstraction of H from the alkyl aromatic by some species such as Br,
CI, RC", RO • and complete data was presented in Free Radicals In Sol -
utions
,
by C. WALLING (1957) for the liquid phase chlorination at 80 C.
According to H.D. HOLTZ (1972) the use of chlorine catalyst results in
C-C bond cleavage during the oxidation. These phenomena can be explained
by radical mechanisms involving a chloride ion to chlorine atom chain.
As we have observed from the history of oxidations of aromatic alkyl





A one-liter capacity stainless-steel reaction vessel with a gauge
mounted on top of it was put into an electrically-heated controlled
furnace. A copper ring served as coupling between reaction vessel and
base of gauge, to prevent any oxygen leaking out of the system. A bolt
was used to hold the vessel in the furnace through the bottom of the
furnace and into the base of the vessel. Thermocouple readings were
taken by putting the thermocouple wires (Iron-Constantan) through a
hole in the bolt, so that the top of the thermocouple was in contact
with the reaction vessel and this contact was established by a cavity
with a depth of 0.75" which provided a temperature reading as close as
the temperature inside the reaction vessel that has been subjected to
oxidation.
A 24-gauge Iron-Constantan couple was used as thermocouple during
the entire operation. Voltages corresponding to temperature of the
solution inside reactor were measured using a Leeds and Northrup Tem-
perature Potentiometer. Another temperature indicator on the furnace
agreed with the thermocouple within ±2 C which it showed the temperature
of the inside surface of the furnace. A Variac was used to set the
reaction temperature, and it also served as remote control console with
two circuit-breaker toggle switches on it for heater and autoclave,
respectively. Mixing was based on a rocking motion of the whole set about
a horizontal axis.
A 100 ml capacity glass-bottle was used as reaction-bottle and also
to reduce the probable effect of steel on reaction kinetics. A hole
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near the top of the bottle was the only way for oxygen to get in con-
tact with solution to be oxidized. The system was completely closed
from the beginning of heating to the cooling to room temperature, so
that there was no oxygen flow in and out during the entire process
after oxygen was brought into contact with the solution. Figure 1
shows system circuitry.
B. PROCEDURE
0.1 and 0.05 N Acetic acid solutions were made by diluting glacial
acetic acid volumetrically, and was standardized against 0.1 N sodium
hydroxide standard solution. 100 ml of this solution was put into reac-
tion bottle for oxidation, and the system was filled with oxygen to
various initial pressures for selected reaction conditions. The initial
pressure values were calculated in such a way that, when desired tempera-
tures were reached the total pressures needed were obtained for each
designed reaction series. Ideal Gas Law was used to calculate values of
pressures for reaction condition that was specified by temperature,
pressure, time and concentration of acetic acid. The corrections were
needed because of the non-ideality of air, water vapor and oxygen gas.
Several test runs were accomplished to haveethose corrected initial
pressure and to have variac setting for design temperatures.
The vapor pressure of water was obtained from Physics and Chemisty
Handbook, 46 ed., p. D-144. That value of vapor pressure was taken for
the entire solution as a very small amount of acetic acid was present.
By combining this information and knowing the final pressure desired,
the desired initial pressure of oxygen was calaulated.
Heating was started after letting pressurized system stand one
hour, so that it could be possible to discover a leak if there was any.
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It was also necessary to wait for the pressure to stop rising at the
end of heating even after reaching the desired temperature. This is
due to the effect of heat transfer into the solution from the vessel
wall. When any small leak was observed the filling procedure was re-
peated. The shaking system was started after all these conditions
were stabilized. Temperature and pressure were recorded at time per-
iods during the autoclaving.
Switches corresponding to heating and shaking were turned off simul-
taneously right after the end of the shaking period in order to cool
the system. There was no special effort made to .cool the system such
as air ventilation, and the hood in the room was held "On" position
for the entire operation. The cooling to room temperature takes about
ten to twelve hours depending on the reaction temperature that was used
The system was opened when it was at room temperature after cooling.
C. ANALYTICAL METHODS
Each reactant and product were analyzed by four different methods
in order to find the amount of acetic acid oxidized. 10 ml of each
(reactant and product) solution was neutralized by 0.1 N NaOH standard
solution so that a quantitative value about the amount of axidation
was obtained for each reaction. Phenolphthalein was used as indicator
to determine the end point for each titration. Generally three titra-
tions were carried out for every sample, and the result was averaged.
Chemical Oxygen Demand (C.O.D.) was determined for reactant and
for every product at the end of each run. Dichromic acid method with




Gas-liquid chromatograms were obtained on a Bendix G.C. Chromalab
Series 2200 and a thermal conductivity (T.C.) detector was used for
this analysis. The column that was used was packed with 20% FFAP
(DMCS treated) on 70/80 mesh Chromosorb W, 8 1 x V in size. No re-
conditioning was necessary before each use of the column.





A. ACID-BASE TITRATION RESULTS
The results of acid-base titrations before and after the oxidation
are as shown in Table I.
The titration results for products under the conditions of 250 C,
1500 psig 0.1 N acetic acid oxidations showed that the maximum acidity
removal was 66%, whereas the maximum removal value was 76% for the
products that have been obtained under the conditions of 250 C and
1000 psig with 0.1 N acetic acid oxidation. This is the indication that
the increase in pressure decreases the rate of oxidation for periods
of oxidation that were longer than one hour. The products that were
obtained after one hour oxidation of acetic acid (0.1 N) at 250 C for
both 1000 psig and 1500 psig of total pressure gave almost the same
percentage of acidity removal. The difference between the two values
was so small that it is assumed to be the result of experimental error.
The increase in pressure showed that increase in reaction rate for the
reactions that have the periods of oxidations less than one hour. This
is observed from figure where the removal of acidity for 1500 psig
as percentage is almost twice the value that was obtained for 1000 psig
for both having the oxidation periods of zero hours. After one hour
oxidation the situation was reversed.
The oxidations for the conditions of 200 C, 0.1 N, 1000 psig and
200 C, 0.1 N, 1500 psig was not as complete as the cases of 250 C. As
observed from Table I and from figure 2, the oxidation of 0.1 N acetic
acid gave as high as 217c acid removal under the condition of 200 C and





















































































































































































































before the start of oxidation-shaking to 220 C and then reducing to
200 C and at that point shaking was started. In order to understand
the temperature effect better, the reaction series with 200 C, 1000 psig,
0.1 N acetic acid oxidation was completed by not allowing the tempera-
o
ture to rise to more than 200 C and very low oxidation was observed.
The oxidation products under the reaction conditions of 250 C, 1500
psig, 0.05N of acetic acid showed that the decrease of concentration
of acetic acid decreases the rate of oxidation.
No oxidation was observed at the end of several reactions without
catalyst. The best value that have been observed was about 37 oxidation
which is within experimental error.
B. CHEMICAL OXYGEN DEMAND ANALYSIS (C.O.D.)
The same method that was described in Standard Methods was used for
each reaction to make C.O.D. determinations. It was necessary to have
Ag-SO, as catalyst in FLSO, solution to determine the C.O.D. Many at-
tempts to determine the C.O.D. without Ag SO, failed and by using 4.90
grams of Ag 9 S0, in each 2 lb. H? S0. bottle, very good and reproduceable
results were obtained. One or two days were required to get Ag SO, dis-
solved in the H„S0 . Reflux periods of 110 minutes were applied for
each C.O.D. determination. In order to get consistent results, it was
necessary to use the same kind of flasks, condensers for reflux and
electrically heated hot plates. The results of ferrous ammonium sulfate
Fe(NH, )„ (SO, )_ '6FL0 titrations gave accurate results coinciding within
the range of 0.10 ml difference. The inconsistent values outside this
limit were discarded for the sake of accuracy. Same reflux ratios were




















































































































































































The C.O.D. analysis results for each reactant and products are as
shown in Table II. The percent C.O.D. removal vs. time (hr.) curves are
as shown in figure 2. The curves on that figure showed the same trend
as the curves for acidity removal. Generally the C.O.D. removal was
less than the acidity removal. This was thought to be the effect of
imperfectly cleaned glassware, personal and systematic error, and some
possibility of some oxides of catalyst metals during the process rather
than forming 1007o carbon dioxide and water. The close fittings of
curves of acidity removal and C.O.D. removal is the indication of the
possible reaction which is thought as
CH COOH + 20 2H + 2C0
C. pH MEASUREMENT RESULTS
The pH values for each reactant and products were obtained by the
Beckman Expandomatic pH meter and are shown in Table III. The increase
in pH values were observed for each product of acetic acid oxidation
for selected reaction conditions, which indicates that reactions had
eliminated some of the acetic acid. It is difficult to have a good co-
relation between the pH values and percentage of acidity removal. Values
in Table III were checked from time to time in order to be sure that the
errors in measuring were minimized.
D. GAS LIQUID CHROMATOGRAPHIC ANALYSIS (GLC)
The chromatograms were determined with a Bendix Chromalab Series
2200. The operating conditions were as follows :
Column: coating FFAP
concentration 20% w/w








































































































































































































































































































































Flow rate: 50 ml/min
Bridge Current: 225 ma
Sample Size: 5 1 for reactants
10 1 for products
Attenuation: 500 for water peaks of reactant sample
1000 for water peaks of product sample
10 for acetic acid peaks
The analysis of each sample injection took about 35 minutes. The water
peaks appeared 1.2 minutes after injection, and the retention time for
acetic acid was 5.4 minutes. In this analysis the substances that were
observed were acetic acid and water. This indicates that there was no
other substances produced in the oxidation process. The typical gas
chromatogram is shown in figure 3 for this analysis. In order to ob-
tain the extent of oxidation, the ratios of areas of acetic acid peaks




























A. CHEMISTRY OF ALIPHATIC ACIDS
Aliphatic acids usually have high boiling and melting points, and
are hard to oxidize. Oxidation of hydrocarbons can be established in
a way that products are only CO and HO. The oxidation of acetic acid
can be described in the same way when it is successful. The hardness of
oxidation of acetic acid is basically related to the internal effects of
structure. These effects are inductive, resonance, polar and electronic
structural effects.
In general, electron-donating groups on a molecule reduce the acidity
of it. Methyl group has an electron-donating inductive effect of
CH COOH
so that acetic acid is weaker than the inorganic acids. The electron
cloud between CH and C in acetic acid lies closer to the C=0 carbon, and
the electron cloud on the C— bond lies closer to the 0. The less el-
ectron density around the CH~ and H makes them harder to oxidize. Less
electron affinity of carbon with respect to hydrogen and the greater
electron-donating effect of CH_ with respect to hydrogen in acetic acid
structure deactivates the carbon (on the ^-position) with respect to
radical oxidation.
Structure of acetate ion can be ascribed as:
:o-- :o:
e
CH - C - 0:©< » CH - C =
which posseses two bonds of one and a half order. By using the same
method for acetic acid considering the addition of one proton to acetate
31

ion, the structure is then:
:o:
ii
ch - c - o:h
But interaction between electrons bonding to the two oxygen atoms still
exist and molecule can be represented as hybrid structure of:
o o© 00
ir » © •
CH - C - - H < CH_ - C - - H « » CH- - C - - H
3 3 3 ©
Because of different electron affinities of nuclei, the bonds that
hold different kinds of nuclei together are polarized, and charge sep-
aration results with the appearing electron richness of one nucleus and
electron deficiency of other, so that polarized molecules are very
tightly held together. As shown by hybrid structure above, the dereal-
ization of electrons lowers their energy, and the molecules with a number
of resonance structures may be written are to be very stable (HAMMOND,
G.C. and CRAM, D.J., 1959).
The carbonyl oxygen atom attracts electrons powerfully by both con-
jugative and inductive effects. —OH always acts as electron-donor with
conjugative effect when conjugated to an electron-demanding center, so
that the vibrational frequency is reduced by electron release from —OH
which is 1717 cm" for acetic acid
.
(KOHNSTAM, G. and WILLIAMS, D.L.H.,
1969). These facts assure the stability of acetic acid for oxidation.
Aliphatic acids can be decarboxylated during the oxidation process,
if they have functional groups or double or triple bonds on the - or
£5- positions with the reaction;
RCOOH RH + CO
In the acetic acid case the R is the methyl group and makes the decar-
boxylation harder by deactivation. However, the deactivation on acetic
acid is at variance with the expected stability of the resulting radicals,
32

since they would be expected to be stabilized by resonance similar to
allylic and benzylic radicals. The CH • is nucleophilic and behaves
differently than those (MARCH, J., 1968).
In early 1900 it was found that the decarboxylation reactions are
bimolecular, and involve the undissociated acid. In 1930' s the proposed
intermediate in decarboxylation was the dipolar ion. but in 1941 this
was invalidated.
Catalysts are used in reactions to accelerate the chemical reaction.
Activation energy in a reaction gives the measure of rate of reaction.
The catalyst affects the reaction in such a way that, the activation
energy is much lower than that of the uncatalyzed reaction. By defini-
tion a catalyst is not consumed in the over-all reaction. Metal cata-
lysts can serve either as homogeneous or heterogeneous catalyst in an
organic reaction. A heterogeneous catalyst is one that supplies the
surface for lowering the activation energy on which reactions occur.
Metal ions in reactions as homogeneous catalyst can affect the reaction
to lower the activation energy depending on the oxidation states and
oxidation potentials between those states. Oxidation potentials for
elements are given by LATIMER (1952). The homogeneous catalytic
effects of metal ions are recently of great interest in research. Those
ions are usually the heavy metal ions. They show the effect on the
rates of radical chain autoxidations by reacting directly with the hydro-
carbons and initiating the oxidation chains. Moreiver, they generate
the radicals by reaction with hydroperoxide, as reported by WOODWARD, A„E,
and MESROBIAN, R.B. (1953). The probable route of reaction series they





- RO* + HO" + M
+
(1)
ROOH + M^ - ROO* + H+ + M2+ (2)
This requires the metal ions to exist in two oxidation states with a
suitable oxidation-reduction potential. These reaction are complicated
since metal may be a complexed ion. According to C. WALLING (1957)
reaction (1) is faster than reaction (2).
Oxidation of hydrocarbons is the main process for petrochemicals
and products obtained from them. Oxidations could be complete combus-
tion to C09 and H_0 or less complete to give intermediate products, and
are highly exothermic for fuels when ignited from outside source. The
mechanism of hydrocarbon oxidations involve radical formation and re-
actions. As a diradical, oxygen can abstract the hydrogen from hydro-
carbon and produce hydroperoxy, peroxy, and carbon chain radicals.
Those produced radicals again react with the oxygen and hydrocarbons to
form orgaiic peroxides, organic hydroperoxides and other peroxy radicals
with chain reactions. Organic hydroperoxides formed are especially
very reactive for cleavage of the 0-0 labile bond homolytically and by
reacting further to give final products. Radicals whivh are stable
can react with oxygen at room temperature but unstable radicals need
high temperature and initiator to react as in the case of acetic acid
oxidation (NORMAN, L.A.
, et. a_l. , 1971)
The presence of water in reaction medium helps the reaction, probably
by forming very effective chain carrier radicals via the route:
RH +
2
- R» + H00*
R« + HO -» RH + H0»
R« + H00» - ROOH - R0« + HO'
R0» + H
2
-• ROH + HO*
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and in terras of Haber-Weiss reaction scheme:
R-CH -OH + H00« - R-C-OH + H^
R-CH -OH + H0« - HO + R-C-OH
H2°2 + M^ "* M + HO» + OH*"
Since HO* radical is very good chain carrier, and the formation of it
is preferred, the oxidation reactions in water medium by catalyst is
facilitated.
B. CONCLUSION
The first order rate law was applied to data from analytical results,
and £m(C /C ) vs t(hr) was plotted for each reaction series. Figures 4 -
18 show these graphs and rate constants. Since pH data was not suitable
to plot it was not used in these drawings, and the k values for acid-
base titration, gas chromatography, and chemical oxygen demand analyses
were averaged and are shown in Table V.
Experiments showed that the uncatalyzed system did not give any ox-
idation for acetic acid at the temperatures up to 250 C, which is the
upper limit of our study. As observed in figure 1 and from k... and k
values presented in Table V, the catalyzed system gives as high as 80%
oxidation completed, and the rate is greatly affected. The plots in
figures 4-18 show two different stages of oxidation with each obeying
the first order law of reaction kinetics with respect to concentration
of acetic acid. The rate on first stage is faster than that of the
second period.
The effect of catalyst on the mechanism of oxidation is not well
understood for this work from examining the kinetic data, but some pre-





0.1 N, 250 C, 1500 psig
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was observed in the early days of the study, with the blue color of
product after a copper wire has been put into reactor to serve as holder
for glass bottle. The concentration of Cu ions in solution was not
determined, but no oxidation was found in that reaction which indicates
copper did not work as catalyst or perhaps inhibited oxidation. Since
the wire was not in the solution it is unlikely that it served as a
catalyst. The catalyst in this study was Chromel-constantan thermo-
couple wire which includes Ni, Cu, and Cr in metallic form. The pale
greenish color of the product solutions indicated that those metals did
undergo conversion to ion in solution. If they were in ionic form
during the reaction, homogeneous catalytic effects from they could be
established. Cr and Ni are known as good catalysts and are widely used
in such reactions.
Heterogeneous catalytic work might also be expected. The small
values of rate constants in second periods could be the result of hetero-
geneous catalytic work such as the acetate ions and oxygen found enough
surface on metals and undergoing oxidation in first period then the
possible formation of metal oxides around the metals did not let the
acetate ions find enough surface for oxidation after first period.
Another possible catalytic effect is the formation of junction
potential across the wires and reducing the activation energy for transi-
tion state by the electromotive force and resulting in products with
high value of oxidation. Iron-cons tantan wire was put into the reaction
solution to serve as catalyst for oxidation at 250 C. There was no
oxidation obtained from that reaction, which is an indication that the
possibility of catalytic behavior of iron-constantan either by homogeneous
or by heterogeneous means was not realized.
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Another explanation is that the potential produced by metal junctions
in iron-cons tantan case could not pass the critical value to initiate
the reaction. The possibility is enforced also by the result of reac-
tions about 200 C and below with the chromel-constantan catalyst in
contact with the solution. As a rough comparison, iron-constantan
gives 13.553 mV at 250 C, whereas chromel-constantan gives 13.419 mV
at 200 C. These values are so close that the catalytic effects of
junction potentials seem to be important.
Either from the junction-potential or metal and metal ions cata-
lytic effects, the temperature dependence of the reactions is obvious
as observed from figures 1-3 and figures 4-18. As the temperature in-
reases the amount and the rate of oxidation increases.
The pressure dependency of reactions are not so obvious as it was
for temperature. But as the pressure decreased at 250 C for 0.1 N
acetic acid oxidation the increase in k- values oy a factor of about
1.5 was observed, and the period of time of first stage oxidation gets
broader by a factor of about 2.0 for 500 psig.
The decrease in concentration affects the rate constants by showing
a slightly decreasing k..
,
but increase of k« by about 20 fold.
It is clear that our definition of "Zero-Hour" is not for the
starting point of oxidation, but it is for shaking. Apparently oxida-
tion is in progress during the start-up period as observed from figures
1 and 4-18. Oxidation probably continues during the cooling period, as
observed from the oxidation at 250 C, 1000 psig, and 0.1 N acetic acid
for zero-hour. That reaction was allowed to cool to the room temperature
and was not opened for three days, so that 657a oxidation was found. The
duplicate of same reaction showed 307o oxidation after regular time of


















Mechanistic studies were done especially in last decade for ali-
phatic acid oxidations. CLIFFORD and WATERS (1965) proposed radical
mechanism by metal catalysis as:
R-C-O-M(III) - R-C-O + M(II) (slow)
R-C-O* -* R» + CO (very fast)
C. WALLING (December 31, 1969) also proposed a radical mechanism




Direct electron transfer mechanisms have been suggested by HEIBA and
coworkers (1969); ANDRULIS, et. al
.
; MARIMOTO and OGATA (1967); and in
1972. HOLTZ suggested that free-radical and direct electron-transfer
mechanisms should not be very distinctive, since every chemical reaction
involves electron transfer.
It is not possible to propose a mechamism based on the results of
our kinetic study, but it is known that the stoichiometry of acetic
acid oxidation is:
A




Regardless of the mechanisms proposed, it must now show that the pre-
sence of catalysis will make the oxidation of carboxylic acids possible,
even though people have thought them to be very resistive to oxidation
and used them as solvents in many catalytic oxidation reactions.
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COD analysis of products of Q.\ N Acetic acid









GCanaiysis of products of 0-1 N Acetic acid
oxidized at 250°C 1000 psig
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Acid-base titration analysis of products of o.l N
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COO analysis of products of O.I N Acetic acid


















GC analysis of products of OA N Acetic acid









Acid-base titration analysis of products of O.f N
Acetic acid Oxidized at Z50°C .1500 psig
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CGD analysis of products of 0-1 N Acetic acid
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GC analysis of products of 0-1 N Acetic acid
oxidized at 200°C,1500 psig
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Acid base titration analysis of products of 1 N



















COD analysis of products of 0-1 N Acetic acid

























GC analysis of products of 0/1N Acetic acid
oxidized at 200°C ,1000 psig
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Acid base titration analysis of products of 0.1 N
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COD analysis of products of 0.05 NAcetic acid
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GC analysis of products of 0.05N acetic acid




























Acid base titration analysis of products of 0.05 N
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0.1 N and 0.05 N acetic acid solutions were prepared by diluting
glacial acetic acid volumetrically . Oxidation reactions of those solu-
tions were carried out with the selected reaction conditions of 200 C,
250 C and 1000 psig, 1500 psig for zero, one, two and in some cases
four hours. 100 ml portions of solutions were placed into a one liter
capacity stainless-steel reactor in a glass bottle, raised to tempera-
ture and shaken for each oxidation reaction. Reactions completed with-
out catalysts did not show any oxidation at the end of several runs.
Oxidation with the reaction conditions of 250 C under pressures of
1000 psig and 1500 psig gave much higher percentage than the condition
of 200 C. Reactions under 250 C and 1000 psig design condition gave
the oxidation values as high as 807o with catalyst after four hours. The
chromel-constantan wire couple was put into solution butt welded together
in order to produce potential for reduction of oxygen (elemental) to
-2 oxidation state. Thus the oxidation of acetic acid was achieved.
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VII. SUGGESTIONS FOR FURTHER WORK
Better and less cumbersome studies could be made if the reactor
was modified to allow for sampling during the run, analysis of head
gases and more detailed information to be gathered.
Automatic temperature control would make heat-up times less hap-
hazard, overheating of initial reaction mixture less likely and opera-
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